Mycoplasma alligatoris causes a lethal invasive disease in adult alligators (Alligator mississippiensis) and closely related caimans (Caiman latirostris). The pathology observed as early as 1 week after infection by instillation via the glottis includes necrotizing pneumonia, severe pericarditis, necrotizing myocarditis, lymphocytic interstitial nephritis, lymphocytic periportal hepatitis, splenic hyperplasia, pyogranulomatous meningitis, and necrotizing synovitis (9, 10, 11, 13, 18, 33) . Hatchling alligators also rapidly developed disseminated M. alligatoris mycoplasmosis after intratracheal instillation, and the lesions are similar to those of adults and include acute multifocal brainstem hemorrhage (35). Mycoplasma crocodyli (23), the closest known relative of M. alligatoris (98% 16S rRNA gene similarity [9] ), causes a similar necrotizing synovitis and occasionally subacute pneumonia in Nile crocodiles (Crocodylus niloticus) (27, 28) . The severity of the lesions correlates with the numbers of M. alligatoris cells in affected tissues, suggesting that a spreading factor(s) contributes to the virulence. The extracellular matrix (ECM)-degrading enzymes that act as bacterial spreading factors include hyaluronidases, sialidases, and mucinases (26). In this report we describe the use of comparative genomics to guide the discovery of a hyaluronidase and a novel sialidase which are potential virulence factors of M. alligatoris.
Mycoplasma alligatoris causes a lethal invasive disease in adult alligators (Alligator mississippiensis) and closely related caimans (Caiman latirostris). The pathology observed as early as 1 week after infection by instillation via the glottis includes necrotizing pneumonia, severe pericarditis, necrotizing myocarditis, lymphocytic interstitial nephritis, lymphocytic periportal hepatitis, splenic hyperplasia, pyogranulomatous meningitis, and necrotizing synovitis (9, 10, 11, 13, 18, 33) . Hatchling alligators also rapidly developed disseminated M. alligatoris mycoplasmosis after intratracheal instillation, and the lesions are similar to those of adults and include acute multifocal brainstem hemorrhage (35) . Mycoplasma crocodyli (23) , the closest known relative of M. alligatoris (98% 16S rRNA gene similarity [9] ), causes a similar necrotizing synovitis and occasionally subacute pneumonia in Nile crocodiles (Crocodylus niloticus) (27, 28) . The severity of the lesions correlates with the numbers of M. alligatoris cells in affected tissues, suggesting that a spreading factor(s) contributes to the virulence. The extracellular matrix (ECM)-degrading enzymes that act as bacterial spreading factors include hyaluronidases, sialidases, and mucinases (26) . In this report we describe the use of comparative genomics to guide the discovery of a hyaluronidase and a novel sialidase which are potential virulence factors of M. alligatoris. .The absence of factors that might inhibit the PCR in the crude lysates was confirmed by successful amplification of the 16S rRNA gene of each species under conditions described previously (8) .
High-molecular-weight M. alligatoris RNA was purified from pelleted cells in the early log phase of growth in ATCC medium 988 (SP4) (46) by lysis with guanidinium thiocyanate, followed by selective RNA adsorption to glass fibers and treatment of the final eluate with 6 U of DNase I for 60 min at 37°C (RNAqueous, DNA-free; Ambion, Inc., Austin, Tex.). For detection of mRNA by RT-PCR, cDNA synthesis was initiated in a reaction by using 300 ng of M. alligatoris total RNA, 5 U of avian myeloblastosis virus (AMV) RT, 50 pmol of primer nagH-R2 (5Ј-ACAACCCCTTCAGAAACAGC-3Ј) or nanI-R, each deoxynucleoside triphosphate at a concentration of 200 M, and the optimum MgSO 4 concentration (3 mM) in a 50-l mixture at 48°C for 45 min. This was followed in a one-tube, two-enzyme system by second-strand cDNA synthesis and 30 cycles of PCR performed with Tfl DNA polymerase, which lacks RT activity (Access RT-PCR system; Promega), and primers nagH-F3 (5Ј-GGTGC TCCAAGAAAAGGTGA-3Ј) and nagH-R2 (the 509-bp amplification product was confirmed by the presence of 271-and 238-bp AgeI cleavage products) or primers nanI-F and nanI-R. AMV RT was omitted from the negative controls.
Mycoplasma culture. Third-passage M. alligatoris that was previously frozen at Ϫ70°C in SP4 medium was cultured to the early log phase, as detected by acidification of the medium, at 30°C in ambient air by 1:10 dilution in SP4 broth containing 0.5% (wt/vol) glucose supplemented with 10 Ϫ5 U of penicillin G liter Ϫ1 , 10 Ϫ5 U of polymyxin B liter Ϫ1 , 65 mg of cefoperazone liter Ϫ1 , and 20% (vol/vol) fetal bovine serum. Culture densities were determined by colony counting by using serial 10-fold dilutions of aliquots in SP4 broth inoculated onto SP4 agar. M. crocodyli was cultured and quantified similarly. M. pulmonis ATCC 19612 was cultured in Frey's medium (46) .
To determine if glycosaminoglycanase activity was inducible with exogenous substrate, M. alligatoris cells in SP4 broth were harvested in the early log phase by centrifugation and washed three times in minimal medium CMRL 1066 without glutamine (Gibco, Carlsbad, Calif.). The cells were resuspended in an equal volume of minimal medium and incubated at 30°C in ambient air without additional supplements. After 24 h of starvation in minimal medium, a potential glycosaminoglycanase substrate (100 mg of autoclaved minced alligator tracheal cartilage ml Ϫ1 ) was added, and the preparation was incubated for another 72 h. Aliquots were withdrawn every 24 h for enzyme activity analysis and for quantitative subculturing in serial dilutions of SP4 broth and on SP4 agar to monitor the culture density in the minimal medium.
Glycosaminoglycanase assay. Glycosaminoglycanase activity was measured by using a quantitative substrate precipitation assay (19) . The substrates tested individually included hyaluronic acid (sodium salts) from rooster comb and from human umbilical cord, as well as bovine chondroitin sulfate A and porcine chondroitin sulfate B (sodium salts; Sigma). A 2-mg ml Ϫ1 aqueous stock solution of substrate was diluted to obtain a final concentration of 400 g ml Ϫ1 in 1% (wt/vol) low-melting-temperature agarose (SeaPlaque; FMC, Philadelphia, Pa.) melted in phosphate-buffered saline (PBS) containing 1% (wt/vol) fatty acid-free bovine serum albumin. The optimum pH was determined by comparing the results obtained with PBS at pH 4, 6, 7.5, 8, and 10. Each well of a 96-well flat-bottom plate (no. 3072; Falcon, San Jose, Calif.), except the perimeter wells, contained 80 g of substrate in 200 l of solidified agarose. A specimen (100 l) was added to each well and incubated at 30°C. After 72 h of incubation, the specimen was removed by aspiration, and 2 N glacial acetic acid (100 l well Ϫ1 ) was added to precipitate any undigested substrate, which resulted in turbidity which was inversely proportional to the glycosaminoglycanase activity. The A 405 of each well was measured after an additional 4 h of incubation at 30°C (Thermomix microplate reader with Softmax Pro, version 1.2.0, software; Molecular Devices, Sunnyvale, Calif.).
Glycosaminoglycanase activity was determined by using aliquots of the initial SP4 cultures, cell-free SP4 culture supernatant fluid, CMRL 1066 cultures after starvation and serially after subsequent substrate addition, and the subcultures from CMRL 1066 tested for viability with SP4 as described above. Cell-free supernatant fluid was prepared by centrifugation of a broth culture in the early log phase, and the absence of viable mycoplasmas from this fraction was demonstrated by incubation of an aliquot of the fraction diluted in fresh SP4 medium. The negative controls included PBS, sterile SP4 medium, M. pulmonis cultured to the log phase in Frey's medium, and sterile Frey's medium. The positive controls included Streptomyces hyalurolyticus hyaluronate lyase (Sigma) that was serially diluted in PBS (pH 7.5) to obtain concentrations ranging from 1 ϫ 10 Ϫ2 to 2 ϫ 10 Ϫ5 U 100 l Ϫ1 and Proteus vulgaris chondroitinase ABC (Sigma) that was serially diluted in PBS (pH 7.5) to obtain concentrations ranging from 2 ϫ 10 Ϫ1 to 4 ϫ 10 Ϫ4 U 100 l Ϫ1 . Sialidase assay. Sialidase activity was assayed qualitatively by using the fluorogenic substrate 2Ј-(4-methylumbelliferyl)-␣-D-N-acetylneuraminic acid (MUAN) (Sigma). Twenty-microliter aliquots of M. alligatoris and M. crocodyli in the early log phase in SP4 broth were spotted onto SP4 agar without phenol red in six-well plates and incubated for 24 h until a lawn of colonies became visible. Twenty-microliter aliquots of cell-free culture supernatant liquid were prepared similarly, and then each well was overlaid with 1 ml of top agar (2. 
RESULTS

Genomics.
A gene (GenBank accession number AY515698) with unambiguous similarity (BLASTX E value, 1e Ϫ106 ) to nagH, encoding a hyaluronate lyase (GenBank protein accession number NP_561107) secreted by C. perfringens (44) , was present in the M. alligatoris genome. The 1,628-amino-acid C. perfringens enzyme NagH consists of a putative 30-amino-acid N-terminal signal sequence, an approximately 700-amino-acid N-terminal domain that includes the active site binding cleft and catalytic residues, an approximately 90-amino-acid linker domain, and a C-terminal domain containing three candidate substrate-binding motifs (12) . A candidate ribosome binding site (RBS) (5Ј-TAAAGGAGTTGA-3Ј) was present at position Ϫ14 with respect to the putative start codon, but no transcription promoter sequences were readily discernible. There were three in-frame putative UAA stop codons upstream of the gene, but no BLAST similarities were detected in the adjacent 5Ј sequence. A 32-amino-acid N-terminal signal sequence was predicted by PSORT analysis (signal score, 0.38). The predicted M. alligatoris NagH homolog exhibited approximately 42% amino acid identity and 59% amino acid similarity to C. perfringens NagH in the N-terminal domain, 21% amino acid identity and 42% amino acid similarity in the linker domain, and 31% amino acid identity and 51% amino acid similarity in the C-terminal domain. The active site binding cleft amino acid sequence, including the presence and spacing of the catalytic N-171, H-228, and Y-236 residues, was the most Ϫ40 , respectively) was identified in the M. alligatoris genome, but this sequence was interspersed with multiple putative UAA and UAG stop codons in addition to at least seven putative UGA W codons. No transcription promoter, RBS, or start codon sequences were discerned by alignment of the pseudogene with the C. perfringens sequences, but the remnants of the active site binding cleft region, including the catalytic residues, remained obvious.
A gene (GenBank accession number AY515695) with unambiguous similarity (BLASTX E value, 5e Ϫ20 ) to nanI, encoding the large exo-␣-sialidase (GenBank protein accession number NP_561641) secreted by C. perfringens (44) , was also present in the M. alligatoris genome. The clostridial enzyme NanI is a 694-amino-acid polypeptide that includes a 41-amino-acid hydrophobic N-terminal leader sequence. A candidate RBS, 5Ј-GAAAGTGTTTAA-3Ј, was present at position Ϫ13 with respect to the putative start codon, but no transcription promoter sequences were readily discernible. This RBS overlapped the stop codon of the upstream open reading frame (ORF), which encoded a putative sugar kinase. The predicted M. alligatoris NanI homolog was 511 amino acids long and exhibited 30% amino acid identity and 47% amino acid similarity to C. perfringens NanI excluding the C. perfringens leader sequence, which sequence alignment and PSORT analyses showed was absent in M. alligatoris (signal score, Ϫ4.29). The signature YRIP motif and four SXDXGXTW Asp box motifs, as well as the catalytic R-37, D-62, D-100, and E-230 residues of C. perfringens NanI (26, 40) , were conserved in M. alligatoris. The M. alligatoris NanI homolog was interspersed with eight putative UGA W codons but no other W codons. The nanI ORF overlapped candidate transcription promoter sequences 5Ј-TTGA-3Ј and 5Ј-TATAA-3Ј of the downstream ORF, which encoded a putative sodium-coupled permease. The candidate RBS of this ORF, 5Ј-AGAAAGGATACAAT-3Ј, was located 2 bases 3Ј of the nanI stop codon.
Mycoplasma culture. M. alligatoris cultures in SP4 broth reached the remarkably high density of 4 ϫ 10 12 CFU ml Ϫ1 in the early log phase. The density decreased to 9 ϫ 10 7 CFU ml Ϫ1 after 24 h of incubation in minimal medium and then to 2.5 ϫ 10 7 and 6 ϫ 10 6 CFU ml Ϫ1 in the subsequent 24 and 48 h, respectively, either with or without cartilage supplementation. Supplementation with up to 1% (wt/vol) fatty acid-free bovine serum albumin in factorial combinations with up to 0.5% (vol/vol) polyoxyethylene sorbitan (Tween 80) did not affect M. alligatoris survival in minimal medium.
PCR and RT-PCR. The PCR with primers nagH-F and nagH-R and an M. alligatoris template generated a 153-bp product which was cleaved by AluI as expected. The PCR with primers nanI-F and nanI-R generated a 159-bp product which was cleaved by RsaI as expected. The nagH gene was also detected by PCR in M. crocodyli, the closest known relative of M. alligatoris, but not in any of 40 other species of mollicutes tested. The nanI gene was detected by PCR only in M. alligatoris. Expression of nagH and nanI mRNA was readily detected in M. alligatoris SP4 broth cultures by RT-PCR (Fig. 1) . The primer nagH-F3-primer nagH-R2 combination, which amplified a 509-bp product that was cleaved by AgeI as expected, had better specificity in the RT-PCR than the primer nagH-F-primer nagH-R combination had. No change in nagH mRNA expression following M. alligatoris passage in minimal medium, either with or without cartilage, was detected by RT-PCR.
Glycosaminoglycanase assay. Hyaluronidase activity was found in cell suspensions of M. alligatoris and M. crocodyli in the early log phase in SP4 medium and in suspensions of M. alligatoris following 24 h of starvation in minimal medium, but not at any subsequent time in minimal medium either with or without cartilage. However, hyaluronidase activity was present in a cell suspension of M. alligatoris subcultured in SP4 following up to 48 h of growth in minimal medium. The activity in 100-l aliquots of replicate suspensions in SP4 broth was equivalent to 2 ϫ 10 Ϫ3 to 3 ϫ 10 Ϫ3 U of purified S. hyalurolyticus hyaluronate lyase or approximately 10 Ϫ16 U CFU Ϫ1 (Fig. 2) . The activities were approximately equal over the pH range from 6 to 10, but the activity was 30% lower at pH 4 (data not shown). Negligible hyaluronidase activity was detected in M. alligatoris and M. crocodyli cell-free culture supernatants, and no chondroitinase activity was detected. The activity was not inducible. No hyaluronidase or chondroitinase activity was detected in either fraction of M. pulmonis cultures, indicating that none of the putative proteins encoded by the hypothetical genes of this organism is a glycosaminoglycanase.
Sialidase assay. Potent sialidase activity was demonstrated by intense cyan fluorescence of M. alligatoris colonies on SP4 agar overlaid with top agar containing MUAN and illuminated with short-wave UV light (Fig. 3) . No activity was detected in the cell-free M. alligatoris culture supernatant liquid or in either fraction of the M. crocodyli cultures. No sialidase activity was detected in either fraction of M. pulmonis cultures, indicating that none of the putative proteins encoded by the hypothetical genes of this organism is a sialidase.
DISCUSSION
Mycoplasmas probably evolved from clostridial ancestors about 400 million years ago by genome reduction that led to obligate commensalism or parasitism of host cells (7, 47 ; J. Maniloff, Abstr. 13th Int. Congr. Int. Org. Mycoplasmol., seminar I-1, 2000). The best-studied mycoplasmas of vertebrate hosts are pathogens of humans and domesticated animals. These pathogens are usually associated with subclinical or subtle, slowly progressive or chronic diseases (3) . Pathogenicity in all hosts is poorly understood beyond the generalization that host responses to mycoplasmal cytadherence exacerbate disease, and variation in cell surface antigens can occur with high frequency in some mycoplasmas (34) . Many harmful effects on host cells have been associated with mycoplasmosis, including ciliostasis, oxidative damage to membranes, dysregulation and decreased abundance of membrane ion channels, clastogenic and oncogenic effects, chromosomal abnormalities, and cell cycle dysregulation (34, 45) , but specific mechanisms of mycoplasmal pathogenicity are not well understood. Because the major mycoplasmal pathogens of humans and domesticated animals lack endotoxin or classical exotoxins but are cytadherent, current mycoplasmology studies are focused on the roles of adhesin molecules and adherence-mediated modulation of colonized hosts to explain mycoplasmal pathogenicity. Probably because it is not a usual feature of the common mycoplasmoses of humans or domesticated animals, the possibility that spreading factors like sialidases, hyaluronidases, or mucinases, the opposites of adhesins, may exist in mycoplasmas and be important contributors to virulence in other mycoplasmoses seems to have been virtually ignored, even in otherwise exhaustive reviews of mycoplasmal pathogenicity (34, 41, 45) .
Hyaluronan, a polymer of N-acetylglucosamine and glucuronic acid disaccharide repeats found in many animal tissues and fluids, is a major component of the vertebrate ECM. Hyaluronan degradation increases the permeability of connective tissues and decreases the viscosity of body fluids, facilitating the spread of bacteria and their toxins, and it may promote direct contact between bacteria and host cell surfaces (32) . In addition, depolymerization disrupts the role of the ECM as a reservoir of cytokines and enzymes involved in signal transduction (15) . These effects are all consistent with the pathological results of M. alligatoris and M. crocodyli infections. The chemical composition of glycosaminoglycan polymers, such as hyaluronan, chondroitin, dermatan, keratin, and heparin, is highly variable even among tissues within a vertebrate species, including heterogeneities such as isomerization, acetylation, phosphorylation, and sulfation (15) . Some glycosaminoglycanases have corresponding substrate specificities (44) that make them valuable as therapeutic agents or targets in management of wound healing (5, 6) , tumor metastasis (14) , and infection (32) .
Bacterial hyaluronan lyases are endo-N-acetylhexosaminidases whose unsaturated disaccharide products are potential bacterial nutrients. As predicted from the presence of nagH, the M. alligatoris genome also encodes a glucuronyl hydrolase (GenBank accession number AY515697) that has not been found in any other mycoplasma characterized to date, which could catalyze the release of glucuronic acid from the disaccharides cleaved from hyaluronan, liberating N-acetylglucosamine for conversion to fructose-6-phosphate and entry into glycolysis by a pathway found in other mycoplasmas. The fate of the glucuronate has not been predicted. Therefore, both spreading and nutrient acquisition capabilities are probably mediated by the M. alligatoris hyaluronidase. The only other currently confirmed mycoplasmal proteins as large as NagH, besides the nucleic acid polymerases and helicases, are the adhesin P1 (1,628 amino acids) and cytoskeletal protein HMW2 (1,819 amino acids) involved in cytadherence and pathogenicity of M. pneumoniae (24, 45) .
In vertebrate animals, including reptiles (16), diverse sialic acid derivatives protect against hydrolysis of the glycosidic or peptide bonds of oligosaccharides, glycoproteins, glycolipids, and gangliosides located on outer cell surfaces. They are involved in recognition processes, connection with ECM components, and intercellular interactions (1 (2, 36, 42, 48) . Deprotected polymers promote further enzymatic degradation of the ECM to release potential bacterial nutrients (26, 38) . As predicted from the presence of nanI, the M. alligatoris genome also encodes a sialic acid lyase (nanA; GenBank accession number AY515696), which has not been found in any other mycoplasma characterized to date, that could catalyze the release of pyruvate from sialic acid, liberating N-acetylglucosamine for entry into glycolysis as described above. Therefore, both spreading and nutrient acquisition capabilities are probably also mediated by the M. alligatoris sialidase. It has also been proposed that bacterial desialylation of host glycoconjugates could expose or form new host antigens and thus play a role in autoimmune complications of infection (4, 22) . Bacterial sialidases occur irregularly even among strains within a species, and there is no correlation with the bacterial phylogenetic relationships, which suggests that there has been gene distribution via horizontal transfer (39) . For example, an extracellular neuraminidase-like activity was present in an unidentified strain of M. gallisepticum (37) , and potent cell surface sialidase activity of the TT strain of M. gallisepticum was characterized in detail (29, 43) , but neuraminidase activity was absent from other pathogenic strains of M. gallisepticum tested (17, 22) and there is no corresponding confirmed gene in the recently annotated genome of M. gallisepticum strain R low (31) . The sialidase of M. alligatoris is novel in that its length and amino acid sequence, including the signature YRIP motif, are most similar to the length and amino acid sequence of the large extracellular clostridial sialidase NanI, but it also resembles the small (382-amino-acid) intracellular clostridial sialidase NanH because it lacks a typical hydrophobic leader sequence (40) . The absence of a sialidase in M. crocodyli may in part explain the attenuated virulence of this organism, in contrast to the virulence of M. alligatoris; this hypothesis could be tested by gene knockout and complementation experiments.
Since all mycoplasmas are thought to be descendants of clostridial ancestors (47) , the absence of nag homologs in the other mycoplasmas examined to date suggests either that M. alligatoris and M. crocodyli were derived from a different ancestral lineage than other mycoplasmas, which contradicts prior 16S rRNA gene comparisons (9) , or that a recent common ancestor acquired the gene by horizontal transfer (20) , which might reflect the effects of mycoplasma-host interactions and a limited host range as isolating mechanisms that affect the evolution of mycoplasmas. Evidence against a single horizontal cotransfer of more than one spreading factor from C. perfringens to a recent common ancestor of M. alligatoris and M. crocodyli includes the long physical distance (Ͼ178 kb) between the nagH, nagI, or nagK gene and the nanI gene in the C. perfringens strain 13 genome (44), the many putative UAA or UAG stop codons interspersed throughout the nagI or nagK pseudogene, and the absence of nanI from M. crocodyli. Also, any selective advantage based on nutrient catabolism would require the glucuronyl hydrolase and/or sialic acid lyase activities. Only 5 kb separates nanA from nagH in the C. perfringens strain 13 genome, but the BLASTX similarity E value for M. alligatoris nanA was e 7 closer to Pasteurella multocida than to C. perfringens, and the M. alligatoris glucuronyl hydrolase had no clostridial homolog. In summary, the genetic and biochemical evidence described here suggests that hyaluronidase and sialidase, a combination unprecedented in the mycoplasmas characterized to date, are candidate virulence factors of M. alligatoris.
